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[11 This study examines the relationship between the extratropical cross-tropopause
fluxes of mass and ozone. The adiabatic and diabatic components of the net fluxes are also
compared. The rate of change of mass in the lowermost stratosphere and the flux across
the 380 K isentropic surface are used to determine the net tropopause mass flux in the
framework of a global circulation model. The diabatic mass flux is calculated from the
heating rate at the tropopause, and the adiabatic component is determined by the difference
of the net and diabatic fluxes. Consistent ozone fields are obtained by driving the Goddard
Chemistry and Transport Model with meteorological output of the global circulation
model for the same years. The ozone flux is determined by convolving the mass flux and
ozone mixing ratio. The results show the following: (1) The seasonal cycle of the ozone
mixing ratio is out of phase with the transport cycle leading to a temporal offset of the
mass and ozone fluxes; (2) the downward net diabatic flux of mass and ozone occurs
primarily at middle latitudes while the adiabatic mass flux is dominated by troposphere-to-
stratosphere transport at higher latitudes; and (3) the Southern Hemisphere stratospheric
vortex is more effective at blocking meridional transport, resulting in a phase difference of
mean tropopause ozone mixing ratio in the higher Southern Hemisphere latitudes with
respect to the corresponding Northern Hemisphere season and location. Finally, this study

suggests that individual pathways of cross-tropopause transport are unlikely to be the
result of simultaneous adiabatic and diabatic mechanisms.  INDEX TERMS: 0341 Atmospheric
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1. Introduction

[2] The transport of mass and chemical constituents from
the stratosphere to the troposphere is an important element
of many atmospheric chemistry and climate studies. The
stratosphere and troposphere present significantly different
chemical environments, and the amount of mass and con-
stituents transported between these environments is an
important boundary condition in understanding the chang-
ing atmosphere. Ozone is one of the constituents important
to climate studies since it is a part of the oxidation cycle of
the atmosphere [Levy, 1971] and is a major greenhouse gas
[Ramanathan et al., 1987]. Roelofs et al. [1997] have
shown that anthropogenic sources have increased and
altered the seasonal cycle of the tropospheric ozone burden
since preindustrial times. Nonanthropogenic ozone is pri-
marily produced in the stratosphere. An accurate determi-
nation of the magnitude and variability of the amount that is
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transported into the troposphere must be known to charac-
terize the impact human activities have on the past, present,
and future climate.

[3] The flux of ozone across the tropopause is deter-
mined by both the mass flux and the ozone concentration
in the lower stratosphere. Qualitatively, much is known
about the stratosphere-troposphere exchange (STE) of
mass. The Brewer-Dobson circulation can explain the
large-scale exchange between the stratosphere and tropo-
sphere [Brewer, 1949; Dobson, 1956]. Air rises into the
stratosphere in the tropics and descends at higher latitudes.
This motion is the result of the induced secondary circula-
tion associated with wave dissipation in the stratospheric
overworld, the atmosphere above the 380 K isentropic
surface [Hoskins, 1991; Holton et al., 1995]. The magni-
tude of the extratropical cross-tropopause transport on a
long-term average is ultimately determined by the amount
of mass that diabatically descends from the overworld into
the lowermost stratosphere, the region between the tropo-
pause and the 380 K potential temperature surface. Greater
orographic variability in the Northern Hemisphere (NH)
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results in more overworld wave driving [Haynes et al.,
1991], and the magnitude of the net mass STE in the NH is
greater than in the Southern Hemisphere (SH) [e.g.,
Appenzeller et al., 1996] (hereinafter referred to as A96).
However, the strong seasonal cycle of global STE as first
noted by Staley [1962] is primarily caused by the vertical
movement of the tropopause which is indirectly connected
to overworld wave driving. The maximum downward flux
of mass and trace gases from the stratosphere occurs in the
spring of each hemisphere as the tropopause rises relative to
the background. Likewise, a fall minimum in the flux exists
as the tropopause moves back downward.

[4] Overworld wave driving and its seasonal variability
determine the magnitude of STE. Baroclinic systems such
as midlatitude cyclones and other mechanisms act as valves
across the tropopause, dictating the spatial distribution of
STE. The mechanisms of transport may be classified as
either diabatic, adiabatic, or possibly some combination of
the two. Reed and Sanders [1953] first noted that midlat-
itude cyclones were a significant source of STE, and
Lamarque and Hess [1994] and Rood et al. [1997] show
that diabatic processes in cyclone-induced tropopause folds
are important mechanisms for cross-tropopause transport.
Convective systems reaching tropopause altitudes can raise
the tropopause relative to the background mass [Matsumoto
et al., 1982]. Olsen and Stanford [2001] show that tropo-
spheric latent heating from condensation can also raise the
tropopause. Other studies have focused on isentropic trans-
port. Dethof et al. [2000] examine the isentropic cross-
tropopause mass transport using contour advection [Norton,
1994; Waugh and Plumb, 1994]. Jing et al. [2004] extend
this method to examine the isentropic ozone flux. However,
no prior studies have examined the net global ozone flux on
the basis of both diabatic and adiabatic transport.

[s] Various methods have been used to obtain quantita-
tive estimates of the magnitude of global mass and ozone
STE, producing a wide range of estimates. Some estimates
have been made by extrapolation from cyclone case studies
[Lamarque and Hess, 1994; Beekmann et al., 1997].
Dynamical and spatial differences of extratropical cyclones
produce a large range of results with this method. Studies
using three-dimensional (3-D) models and assimilation
systems have been widely used to examine the global flux
characteristics of both mass and ozone [e.g., Roelofs and
Lelieveld, 1995; Tie and Hess, 1997; Hauglustaine et al.,
1998; Lamarque et al., 1999]. McLinden et al. [2000] and
Roelofs et al. [2003] illustrate that the cross-tropopause
ozone flux results given by different 3-D models can be
vastly dissimilar in global and case studies, respectively.
Some of the differences can be attributed to resolution,
parameterization schemes, etc., but other differences remain
unresolved. Various empirical diagnostic methods used also
give a wide range of flux estimates [e.g., Murphy and
Fahey, 1994; Beekmann et al., 1997; Olsen et al., 2003].

[6] The net flux through the tropopause is a small residual
of large upward and downward transport quantities. A large
amount of transient, “shallow” exchange occurs where
mass crosses the tropopause only to return a short time
later [e.g., Stohl et al., 2003b; James et al., 2003b]. A96
avoids complications introduced by this shallow, transient
flux by determining the magnitude and phase of the net
extratropical STE from the flux across the 380 K surface
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and the rate of change of lowermost stratosphere mass.
Schoeberl [2004] (hereinafter referred to as S04) extended
the A96 algorithm in a manner that separates the diabatic
and adiabatic fluxes. S04 used this method to compare and
contrast STE estimates using various assimilation systems
and models. However, neither the A96 method nor the S04
extension provides explicit spatial information of the net
flux.

[7] The present study compares the mass and ozone
tropopause flux using the algorithm of S04. The mass flux
is evaluated from output of a general circulation model
(GCM). The ozone flux is computed by convolving the
mass flux with ozone mixing ratios from an off-line 3-D
chemistry and transport model driven by the meteorological
fields output from the same GCM. Thus both the adiabatic
and diabatic flux of ozone across the tropopause are
quantified in a manner that is consistent with the meteoro-
logical fields used to quantify the mass flux. In addition,
because in the chemistry and transport model (CTM) the
ozone of stratospheric origin is computed and transported
separately from the ozone of tropospheric origin, it is
possible to quantify the fluxes of stratospheric and tropo-
spheric ozone separately. The spatial distribution of the STE
and patterns of transport are also investigated. This work
adopts the nomenclature used recently by members of the
Influence of Stratosphere-Troposphere Exchange in a
Changing Climate on Atmospheric Transport and Oxidation
Capacity project [e.g., Stohl et al., 2003a] to distinguish the
direction of transport across the tropopause. Stratosphere-to-
troposphere transport (STT) and troposphere-to-stratosphere
transport (TST) refers to transport in each direction. “STE”
will be reserved for the generalized two-way transport
across the tropopause. Section 2 discusses the diagnostic
algorithm and models used in this work. The flux results are
presented in section 3, and a more detailed discussion is in
section 4.

2. Method of Analysis

[s] The net tropopause mass flux (Fy.p) in each hemi-
sphere can be computed from the rate of change in lower-
most stratosphere mass (M) and the diabatic flux across the
380 K surface (Figok) following A96,

M
Ftrop:E"'FBXOIC (1)

The fluxes are positive upward. S04 subdivided Fip, into
adiabatic and diabatic components (Fiopa and Fiop d,
respectively) so that equation (1) may be written as

an

Ftrop-a + Ftrop-d = dt

+ F380K - 2)

The diabatic fluxes, F3gox and Fiop.g, are computed from
heating rate fields using — [(0/g)(dp/d0)d4 where p is
pressure, 0 is potential temperature, 0 is the diabatic heating
rate, and 4 is the area. Fip.o is then the difference of Fyp
and Flop-q. Note that both the net tropopause flux and the
adiabatic flux are bulk values with no spatial information. In
contrast, the heating rate fields provide spatial information
of the diabatic fluxes.
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[9] As in S04 the present study uses equation (2) to
determine the mass flux across the tropopause. The extra-
tropical tropopause is chosen as the 3.5 potential vorticity
unit (PVU) surface (1 PVU = 107° m* K kg~' s7").
Hoerling et al. [1991] conclude that this PV value is optimal
for coarsely gridded data sets, and an analysis by S04 shows
that the altitude of this surface is reasonably close to the
tropopause determined by the World Meteorological Orga-
nization [1986] temperature lapse rate definition of the
tropopause. Also following the example of S04, the lower-
most stratosphere is defined as the region where the mass
between the tropopause and 380 K surface exceeds 30 gcm 2.
This criterion provides a reasonable fit to the net zero heating
rate line on the 380 K surface. Thus, in the present study, the
extratropics are defined as the region poleward of the
30 g cm 2 line. This work considers only the flux that occurs
in this region.

[10] Equation (1) is also used to derive the net flux of
ozone across the tropopause. The flux of ozone across the
380 K surface is determined by convolving the 380 K mass
flux with the ozone mixing ratios at every grid point. (The
diabatic tropopause flux of ozone is likewise computed.)
For ozone the rate of mass change term in (1) implicitly
includes the net chemical production or loss in addition to
the dynamical factors. We demonstrate that it is reasonable
to assume that any change in ozone mass in the lowermost
stratosphere is due to transport processes because the
photochemical lifetime of ozone in this region is much
greater than the residence time. The timescale of residence
in the lowermost stratosphere is estimated by Mo /F3s0k(0,),
where My, is the annual mean mass of ozone in the
lowermost stratosphere, and F3gok(o,) is the annual flux of
ozone across the 380 K surface. This residence timescale is
on the order of 100 days in both the NH and SH in the
context of this study. Production and loss rates from the
Goddard Space Flight Center 2-D model [Fleming et al.,
2002] show that the net mean lifetime of ozone poleward of
30° and between 138 and 244 hPa is more than an order of
magnitude greater than the residence time. Thus neglecting
the net ozone chemistry in the lowermost stratosphere for
this STE diagnostic algorithm does not significantly alter
the results and conclusions presented here. Note that the
diabatic calculations are precise and this approximation is
only relevant to the net tropopause and adiabatic fluxes of
ozone.

[11] The meteorological fields used in this study are from
the NASA Goddard Global Modeling and Assimilation
Office finite volume general circulation model (FVGCM).
The free-running FVGCM uses the National Center for
Atmospheric Research Community Climate Model Version
3 physics package [Kiehl et al., 1998]. The transport is
computed by the Lin and Rood [1996, 1997] algorithm and
has a quasi-Lagrangian vertical coordinate [Lin, 1997].
Douglass et al. [2003] have shown that the large-scale
stratospheric transport is realistic. The residual circulation
and age of air have also been shown to be more realistic
compared to assimilated data sets [Schoeberl et al., 2003].
The FVGCM is run at a horizontal resolution of 2.5° x 2° in
the present study. There are 55 vertical levels from the
surface to 0.01 hPa. The diabatic heating rates used in
calculating the fluxes are inline FVGCM output. While the
results do not correspond to any actual years, the FVGCM
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run used in this study includes Hadley Centre monthly mean
sea surface temperatures of the years 1955-1959 from the
Atmospheric Model Intercomparison Project.

[12] The global ozone mixing ratio fields used here
are calculated using the NASA Goddard 3-D full CTM
[Douglass et al., 2003]. This stratospheric chemistry model
is driven off-line using FVGCM output every 6 hours. The
CTM has a horizontal resolution of 2.5° x 2° and has 28
vertical levels up to 0.43 hPa. The vertical resolution is
~2 km below 60 hPa and ~3.5 km above. The numerical
transport algorithm [Lin and Rood, 1996] is the same as
used within the FVGCM. The 5 years of the CTM run used
in this study include measured emissions of ozone-depleting
chemical species from the years 1979 to 1983 as given by
World Meteorological Organization [2003]; thus less ozone
depletion potential exists than in the present-day, particu-
larly within the SH polar stratospheric vortex.

[13] The ozone field of the CTM is reasonable compared
to ozonesonde data. The shapes of the zonal mean vertical
profiles generally agree well with observations (not shown).
The greatest difference in magnitude exists in the SH
midlatitude lowermost stratosphere where the CTM ozone
is biased high with respect to the sonde data (~0.1 ppmv
mean difference at 150 hPa between 40° and 60°S). Com-
parisons to Total Ozone Mapping Spectrometer total col-
umn ozone observations are also reasonable (R. Stolarski,
NASA Goddard Space Flight Center, personal communica-
tion, 2004). There is almost no bias of the mean total
column ozone between 60°S and 60°N. The mean seasonal
ozone variability is also well represented as a whole over
this region. However, the CTM SH polar region is less
representative of observations than the NH. Both the sea-
sonal variability and the magnitude of the total column
ozone are slightly too large in the polar SH. The column
ozone is ~10% too high throughout the year in this region.
However, the development of the Antarctic stratospheric
vortex and resulting ozone hole are well represented. In the
NH high latitudes the magnitude of the CTM column ozone
does not show a significant bias with respect to observa-
tions. In the tropics the lack of a quasi-biennial oscillation in
the CTM ozone field is the most notable difference from
observations. Overall the CTM provides a reasonable rep-
resentation of the ozone field for the purposes of this study.
As will be discussed in section 4, the differences from
observations have the greatest impact on the magnitude of
the estimated ozone flux in the SH.

[14] The ozone field in the CTM is subdivided into
stratospheric origin and tropospheric origin ozone compo-
nents (hereinafter “stratospheric ozone” and ‘“‘tropospheric
ozone,” referring to the region of origin regardless of where
it is located later due to transport). The net ozone field is
determined by the sum of these two components. Both
production and loss of stratospheric ozone are explicitly
computed in the stratosphere. The stratospheric ozone that
enters the troposphere is subject to a loss rate proportional
to the ozone mixing ratio. There is no production of
stratospheric ozone below the tropopause. The production
and loss of the tropospheric ozone in the troposphere are
taken from the Harvard GEOS-CHEM tropospheric chem-
istry model [Bey et al., 2001]. In the stratosphere, there is no
tropospheric ozone production, but the tropospheric ozone
is subject to the same photochemical loss as stratospheric
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ozone. In this work the sum of the stratospheric and
tropospheric components will be referred to as “total
ozone” (not to be confused with “total column ozone™).
The term “net” will be used for a global sum or a sum of
adiabatic and diabatic fluxes depending on context.

[15] The mass and ozone fluxes are computed for 6 days
of each month (days 1, 5, 10, 15, 20, and 25) for 5 years.
The results for the timescales considered are not altered by
the use of 72 days per year. The annual estimates do not
significantly change in tests using more days, and the
seasonal cycles are well represented. Throughout this work,
climatological 5 year means from a continuous 5 year
integration are presented and discussed unless otherwise
explicitly stated.

3. Results
3.1. 380 K Flux

[16] The 5 year mean annual cycle of mass and ozone flux
across the extratropical 380 K surface is shown in Figure 1.
Note that the minimum (maximum) downward flux occurs
at the highest (lowest) point on each curve. This sign
convention is consistent with that used in Figure 2. Since
the ozone flux is computed from the convolution of the
mass flux with the ozone mixing ratio on the 380 K surface,
the seasonal cycle of mean ozone mixing ratio on the 380 K
surface alters the shape of the ozone flux compared to the
mass flux. In the SH the minimum downward fluxes of
mass and ozone nearly coincide in November and Decem-
ber. During the SH summer and spring the downward flux
of ozone and mass increase at approximately the same rate
until the end of April. At this time the downward mass flux
levels off to a maximum before decreasing by the end of
June. However, the ozone flux continues to increase at this
time and doesn’t start significantly decreasing until the end
of July. This is caused by the mean ozone mixing ratio of
the air transported through the SH extratropical 380 K
surface increasing from the end of April through June,
whereas it decreases after July.

[17] In contrast to the SH, the maximum downward
fluxes are nearly coincident in the NH, and the minimum
fluxes are offset by ~2 months. The downward mass flux
begins to increase around June while the ozone flux is still
decreasing. The ozone flux begins to increase in August.
The ozone mixing ratio of the air subsiding across the 380 K
surface during June and July decreases rapidly with time.
The hemispheric difference of the ozone and mass flux
phases illustrates that the seasonal cycles of the upper
stratosphere wave-driven transport and chemistry have
different phases in the NH and SH.

3.2. Tropopause Mass Flux

[18] The 380 K flux is diabatic by definition, but the
transport across the tropopause can also occur adiabatically.
The net, adiabatic, and diabatic extratropical cross-tropo-
pause fluxes of mass and ozone are shown in Figure 2. The
results for the individual stratospheric and tropospheric
ozone fields are also displayed. The mass flux results
generally agree with the FVGCM results of S04 (Figure 6
of S04). The minor differences are due to interannual
variability. S04 shows only a single annual cycle, while a
5 year mean is presented here.

OLSEN ET AL.: MASS AND OZONE STRATOSPHERE-TROPOSPHERE EXCHANGE

D24114
O T T T . T T T T T T T T
® r Solid: Ozone
~ L SH Dashed: Mass e
o N v Y,
~ L e,
o
o A
- =5
(@]
2
3 10
X
a
(=}
< 15
J F M A M I J A S O ND
Month
Figure 1. Annual cycle of the flux across the extratropical

380 K isentropic surface. Data are a 5 year mean. Bold
(thin) lines are for the Northern (Southern) Hemisphere.
Solid and dashed lines denote the ozone and mass fluxes,
respectively. Note that the maximum downward flux occurs
at the lowest point on each curve.

[19] Three day means of days 1, 5, and 10 and days 15,
20, and 25 of each month are used to generate Figure 2. The
seasonal cycle of the net mass flux is less pronounced in the
SH than in the NH (Figures 2a and 2b). This is primarily
because the amplitude of the seasonal cycle of lowermost
stratospheric mass (maximum to minimum differences) is
smaller in the SH (not shown). However, the SH adiabatic
and diabatic mass fluxes still exhibit strong seasonal cycles.
In both hemispheres the rate of change of lowermost
stratospheric mass is also responsible for the offset in the
phase of the mass flux across the tropopause and 380 K
surface (see equation (1)). The phase of the mass flux across
the tropopause is predominately controlled by the seasonal
vertical movement of the tropopause.

[20] The large adiabatic TST of mass that occurs through-
out the year is in agreement with the findings of S04. This
contrasts the STT result of Dethof et al. [2000] using
contour advection to estimate the adiabatic mass flux across
the tropopause on the 330, 345, and 360 K surfaces. This
Eulerian result is compatible with the Lagrangian-based
Dethof et al. method if a large amount of adiabatic TST
occurs in the extratropics, poleward of where the 330 K
surface intersects the tropopause or else in the tropics above
360 K. The present algorithm with a top boundary at 370 K
or without the 30 g cm ™2 minimum density criteria does not
change the sign of the adiabatic TST (not shown). Thus
there must be significant net adiabatic TST poleward of the
330 K tropopause boundary if the Lagrangian and Eulerian
approaches are considered equivalent. This is consistent
with the findings of James et al. [2003a] (also Wernli and
Bourqui [2002]), who associate significant high-latitude
TST with warm conveyor belts of blocking anticyclones.

3.3. Tropopause Ozone Flux

[21] In both hemispheres the variability of the adiabatic
total ozone flux is much greater than the diabatic flux
(Figures 2c and 2d). However, the magnitude of the diabatic
flux is greater than the adiabatic flux through most of the
year. Thus the magnitude of the annual total ozone flux is
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Figure 2. Annual mean cycles of net (black), adiabatic (green), and diabatic (blue) flux across the
extratropical tropopause. Data are a 5 year mean. Positive flux is defined as TST, so the region above
(below) the dashed zero flux line denotes TST (STT). Thus maximum STT occurs at the lowest point
below the dashed line, and maximum TST occurs at the highest point above the dashed line. Left (right)
column is the NH (SH) result. (a, b) Mass flux. (c, d) Total ozone (see text) flux. (e, f) Flux of ozone that
was chemically produced in the stratosphere only. (g, h) Flux of ozone that was produced in the
troposphere. Note the different scales used for mass and ozone.

dominated by the diabatic component; the seasonality of the
flux is controlled by the isentropic component. In addition,
the seasonal cycle of the net ozone transport across the
tropopause is similar to that of the mass flux, and the
adiabatic mass and ozone fluxes also have a similar phase.
However, there is a phase difference between the diabatic
components of the ozone flux and mass flux.

[22] Perhaps the most noticeable difference between the
total ozone and mass fluxes in Figures 2a—2d is that
the adiabatic flux of ozone is from the stratosphere to the
troposphere for about half of the year in both hemispheres,
while the net mass transport is consistently from the
troposphere to the stratosphere. This is a consequence of
the strong vertical gradient of ozone near the tropopause.
Adiabatic STT (TST) results in mixing ratios at the local
tropopause that are relatively large (small). The ozone
mixing ratio field at the tropopause is correlated with the
direction of isentropic transport through the surface. Areas
of abnormally high (low) ozone mixing ratio at the tropo-

pause at a given time may indicate active or recent STT
(TST).

[23] The seasonal variability of the mean ozone mixing
ratio at the tropopause can be surmised from comparing the
annual cycles of ozone and mass flux. The downward
adiabatic flux of ozone decreases more rapidly than the
mass around July and August in the NH and October and
November in the SH. Furthermore, the minimum downward
flux of ozone leads the mass flux by ~1 month. The mean
ozone mixing ratio at the tropopause where the majority of
the flux occurs rapidly decreases during this time and then
begins to increase again before the downward mass flux has
reached a minimum. The diabatic fluxes are even more out
of phase, especially in the NH. The phase differences that
exist between the adiabatic and diabatic components imply
that the cross-tropopause transport pathways are primarily
either adiabatic or diabatic. The adiabatic and diabatic
seasonal cycles would have similar phases if many of the
transport pathways were the result of adiabatic and diabatic
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Table 1. Annual STE of Mass®
James et al.
Tropopause This Study 5 Year S04 (FVGCM)  A96 2 Year Dethof et al. [2000] Seo and Bowman [2003a]
Mass Flux Mean (Range) 1 year Mean 2 Year Mean NH/1 Year SH  [2002] 2 Year Mean 15 Year Mean
Net NH —2.2 (=2.1 to —2.3) -2.3 -35 —3.7 —4.1
Net SH —1.9 (1.8 to —2.1) —1.8 —-33 -32 -3.5
Adiabatic NH 11.4 (10.9 to 11.9) 11.7 —11.0
Adiabatic SH 8.7 (8.4 t0 8.9) 8.5 —14.5
Diabatic NH —13.6 (—13.1 to —14.1) —13.9
Diabatic SH —10.6 (—10.2 to —11.0) —10.1

Ranges given are from the five annual totals. Values are given in 10'7 kg yr ™.

processes acting concurrently and in tandem. In other
words, if the majority of the grid points where STE occurred
exhibited both adiabatic and diabatic flux of comparable
magnitude, the adiabatic and diabatic ozone flux seasonal
phases would be similar since the air transported would
have the same ozone mixing ratio.

[24] The net total ozone flux across the tropopause
is clearly dominated by the stratospheric ozone
(Figures 2e—2h). The net stratospheric ozone flux is nearly
an order of magnitude greater than the net tropospheric
ozone flux, and it also exhibits greater seasonal variability.
The tropospheric ozone component modulates the total
ozone flux to a limited degree. The most notable difference
between the stratospheric and tropospheric ozone fluxes is
that the tropospheric component most resembles the mass
flux. The adiabatic tropospheric ozone flux is always
directed into the stratosphere, and the seasonal cycle is
almost identical to the mass flux. Three factors contribute to
the similarity of the tropospheric ozone and mass fluxes: (1)
above the upper troposphere the tropospheric ozone
decreases with altitude similar to mass, (2) the vertical
gradient of tropospheric ozone across the tropopause is
not as great as the stratospheric ozone, and (3) the seasonal
and spatial variability of tropospheric ozone at the tropo-
pause is much smaller than the stratospheric component.

4. Discussion

[25] Table 1 presents the net annual mass transport across
the tropopause along with results from other selected studies
for comparison. Note that the calculated net annual transport
across the extratropical 380 K surface is the same as the
calculated net annual tropopause flux given in Table 1.
The mass fluxes of the present study are very similar to the
FVGCM S04 results since the same diagnostic algorithm
and core GCM were used. This illustrates that the use of
6 days per month is adequate to estimate the annual flux and
represent the seasonal cycles.

[26] The net mass flux results here range from 30 to 40%
less than those of other studies shown in Table 1. These

Table 2. Annual STE of Total Ozone®

1

other studies share the trait that the meteorological fields
used are from assimilation systems, contrasting the GCM
fields used here. Assimilation systems tend to have too
strong of a residual circulation, and the age of air is too
young compared to observations. This is most likely to
affect the studies that diagnose STE in a Lagrangian
framework. A more detailed discussion of the bias intro-
duced by model or assimilation system may be found in
S04.

[27] Dethof et al. [2000] show an annual STT adiabatic
flux with only a couple of months that exhibit TST. This
contrasts with the results of S04 and this study that show
persistent adiabatic TST. As discussed in section 3, this
discrepancy implies that there is a relatively large adiabatic
flux of air directed into the lower stratosphere poleward of
the tropopause 330 K boundary. James et al. [2003a] use a
Lagrangian particle dispersion model to find that significant
TST of net mass occurs poleward of ~51° latitude, however,
they do not differentiate between adiabatic and diabatic
fluxes. The present study suggests that the bulk of the high-
latitude TST is isentropic.

[28] The annual transport of total ozone across the extra-
tropical tropopause agrees well with both empirical- and
model-based estimates of other recent studies (Table 2). The
most notable difference is that the net flux of total ozone in
the SH of the present work is nearly the same as in the NH.
While the net mass flux in the NH is 15% greater than the
SH, the CTM mean ozone mixing ratio at the tropopause is
greater in the SH. This is a result of two factors: (1) the
ozone mixing ratio in the SH midlatitude lowermost strato-
sphere is biased ~10% high with respect to observations as
discussed in section 2, and (2) the stratospheric chlorine
burden and other ozone-depleting chemical species corre-
spond to the years 1979—1983 in the CTM output used in
this study. Thus the chemical depletion of ozone in the
stratosphere is significantly less than present-day, particu-
larly in the SH polar vortex.

[20] Jing et al. [2004] apply PV ozone mapping to the
same contour advection method used by Dethof et al.
[2000] to investigate the isentropic cross-tropopause trans-

Tropopause Total This Study 5 Year Olsen et al. [2003]

Gettelman et al. McLinden et al. Jing et al.

Ozone Flux Mean (Range) (30°-60°) 1 Year [1997] 4 Year Mean [2000] (Linoz) 1 Year [2004] 1 Year
Net NH —252 (—239 to —273) —260 —290 —198 to —412
Net SH —248 (—240 to —250) —210 —220 —175 to —378
Adiabatic NH —10 (-2 to —17) —46

Adiabatic SH
Diabatic NH
Diabatic SH

—64 (=55 to —72)
—243 (=230 to —261)
—183 (=175 to —194)

“Ranges given are from the five annual totals. Values are given in Tg yr .

1
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Table 3. Annual STE of Stratospheric and Tropospheric Ozone®

Tropopause
Ozone Adiabatic Diabatic Adiabatic Diabatic
Component ~ Stratospheric ~ Stratospheric  Tropospheric ~ Tropospheric
Flux Ozone Ozone Ozone Ozone
NH —107 —133 97 —110
SH —117 —122 53 —62

*Values are given in Tg yr .

port of ozone. They find that the maximum net downward
flux of ozone occurs in the summer months in agreement
with the results shown in Figure 2¢. However, in the Jing et
al. study the rapid decrease in the magnitude of the net
downward flux in the late summer shown here is not
evident. In addition, the net adiabatic flux is not directed
into the stratosphere during the late summer and fall as in
the present study. Jing et al. follow the method of Dethof et
al. and primarily examine the exchange between the mid-
latitude stratosphere and tropical troposphere. The lowest
isentropic surface that is considered is 335 K. The differ-
ences between the seasonal cycles of the adiabatic ozone
flux are likely attributable to transport at higher latitudes.

[30] The SH adiabatic ozone flux magnitude is 6 times
greater than the NH (Table 2) even though the NH adiabatic
mass flux is greater than the SH (Table 1). This is in contrast
to the NH/SH ratio of the diabatic mass flux being nearly
equal to the NH/SH ratio of the diabatic ozone flux. The
cause of the adiabatic disparity is found by examining the
fluxes of tropospheric ozone and stratospheric ozone sepa-
rately (Table 3). The NH adiabatic tropospheric ozone TST
is almost twice as great as in the SH. The NH and SH
adiabatic stratospheric ozone STT fluxes are within ~10%
of each other. Thus the NH adiabatic total ozone STT is
much less due to the large adiabatic TST of tropospheric
ozone (that returns to the troposphere diabatically). This is
consistent with observations that the NH troposphere has a
greater burden of ozone than the SH [Fishman et al., 1990;
Logan, 1999].

[31] The diabatic fluxes of mass across the tropopause in
the NH and SH are temporally out of phase as expected
(Figures 2a—2b). However, the hemispheric diabatic ozone
fluxes are nearly in phase (Figures 2c—2d). This implies that
the CTM annual cycles of mean ozone mixing ratios at the
tropopause are not similar with respect to the NH and SH
season. Figure 3a shows the zonal diabatic flux of mass
across the tropopause for the months of March and Sep-
tember. These months correspond to the times of maximum
and minimum diabatic ozone flux. The maximum down-
ward mass flux is shifted toward the pole (equator) in the
fall (spring) in both hemispheres. However, the zonal mean
ozone mixing ratio at the tropopause poleward of ~45° is
greater in March of both hemispheres (Figure 3b). This
seasonal cycle of CTM ozone agrees well with observations
(Figure 4). Figure 4a shows the annual cycle of mean daily
ozonesonde observations on the 240 hPa surface for middle
and high latitudes in the NH and SH. The NH observations
exhibit relatively little phase shift between the middle and
high latitudes. In contrast, the middle- and high-latitude
annual cycles are nearly a half year out of phase in the SH.
This shift is seen at all lowermost stratosphere pressures.
For comparison the seasonal cycles of CTM total ozone
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mixing ratio at the tropopause over the same latitude bands
are shown in Figure 4b. A similar phase shift between the
SH middle- and high-latitude CTM total ozone mixing ratio
exists, in agreement with the ozonesonde data. The CTM
tropospheric ozone fields do not exhibit this shift with
latitude. It is unlikely that ozone depletion in the Antarctic
ozone hole is the primary cause of this shift since the mean
mixing ratio at the polar latitudes begins decreasing about
April. It is possible that the stratospheric polar vortex blocks
meridional transport more effectively in the SH, resulting in
this latitudinal shift in the annual cycle of ozone mixing
ratio. This is likely due to the greater depth and persistence
of the SH vortex [Manney and Zurek, 1993].

[32] The magnitudes of the adiabatic and diabatic fluxes
of the tropospheric and stratospheric ozone are of the same
order. However, Figures 2e—2h and Table 3 show that the
net stratospheric ozone flux is an order of magnitude greater

0-5 = March Mean

ooke” Sept. Mean

-0.5

-1.0

10° kg/s

-1.5

-2.0

-2.5 L L

Latitude

0.20 [ T T T
| = March Mean

== Sept. Mean

0.05

CTM Ozone Mixing Ratio (ppmv)
o
o

0.00L

Latitude

Figure 3. (a) Diabatic mass flux across the extratropical
tropopause by latitude for the months of March (solid) and
September (dashed). Note the vertical axis follows the
convention of previous figures that the maximum flux from
the stratosphere to the troposphere is the lowest point of
each curve. (b) Mean total ozone mixing ratio at the
extratropical tropopause by latitude for the months of March
(solid) and September (dashed). Note that the flux and
mixing ratio are set to zero at grid cells considered tropical
by using the 30 g cm > lowermost stratosphere cutoff
criteria.
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Figure 4. (a) Ozonesonde observations on the 240 hPa

surface within the specified latitude bands. Data are equal-
weighted averages of the sondes in each latitude band from
1988 to 2002. The 30°-50° latitude band includes seven
and two ozonesonde stations in the NH (bold solid) and SH
(thin solid), respectively. Both the NH and SH polar regions
(bold dashed and thin dashed, respectively) include four
stations. (b) Mean CTM total ozone mixing ratio at the
tropopause within the specified latitude bands. Note that the
ozonesonde observations are on the 240 hPa surface and
the CTM ozone is at the tropopause; thus the magnitudes
are not similar. Phases are the relevant points discussed in
the text.

than the net tropospheric ozone flux in each hemisphere.
This is a result of the oppositely directed adiabatic tropo-
spheric ozone transport. Any STT event, particularly the
diabatic events, may contain a significant fraction of ozone
that is not of stratospheric origin. This underscores the need
for additional tracer information in any ozone STT estimate
derived from measurements if the amount of stratospheric
origin ozone is desired.

[33] The diagnostic algorithm does not provide any
specific spatial information of the net and adiabatic trans-
port. In contrast, the spatial distribution of the diabatic flux
is explicitly determined by the heating rates at the tropo-
pause. The global distributions of the diabatic mass and
ozone fluxes averaged over the entire 5 year period are
shown in Figure 5a. The majority of the flux occurs in the
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midlatitudes between 30° and 60° in both hemispheres. The
strongest transport in the NH is associated with climatolog-
ical storm tracks in the northern Pacific and Atlantic oceans.
This spatial distribution of diabatic flux is consistent with
the STT results of Sprenger and Wernli [2003]. In addition,
Sprenger and Wernli show that the greatest TST occurs at
higher latitudes, which is consistent with the inferred
adiabatic flux of the present study. In the SH the greatest
diabatic flux regions are shifted toward the equator. It is also
noted that there is less diabatic flux over the Himalaya,
Rocky, and Andes Mountains compared to adjacent areas.
The colder tropopause temperatures above the higher sur-
face elevations are closer to radiative equilibrium, and the
diabatic descent is reduced.

[34] The relatively zonal diabatic mass flux distribution
corresponds well with the ozone flux in the 5 year mean
(Figure 5a). Figure 5b shows the instantaneous diabatic
ozone and mass fluxes on a single February day. Only a
portion of the NH is shown to facilitate viewing the fine-
scale detail. The instantaneous ozone and mass flux fields
are less consistent compared to the 5 year mean fields of
Figure Sa. These differences must be due to the spatial
variability of the ozone mixing ratio at the tropopause since
the ozone flux is derived directly from the mass flux. This

o

26

22

(a) Five year mean diabatic flux of mass (color

Figure 5.
shading) and ozone gwhite contours). Ozone flux contour

interval is 0.5 kg s~ beginning at 0.4 kg s~'. (b) Mean
diabatic mass flux on a single February day. Ozone
flux contour interval is 0.7 kg s~ ' beginning at 0.4 kg s~ .
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illustrates the significant error that may be introduced when
estimating ozone transport by simplified calculations such
as applying a mean mixing ratio of ozone to a calculated
mass flux. However, the agreement between the 5 year
mean fields shows that this error is minimal when the
latitudinal dependency of ozone mixing ratio and sufficiently
long timescales are considered.

[35] The diabatic fluxes of mass, tropospheric ozone, and
stratospheric ozone exhibit much less short timescale vari-
ability than the respective adiabatic fluxes (not shown since
the short timescales are smoothed in Figure 2). This
indicates that the adiabatic exchange is more episodic and
event driven than the diabatic transport. Figure 5 illustrates
that the diabatic exchange is dominated by persistent,
midlatitude descent but is modulated by episodic events.
These events, such as baroclinic cyclones, tend to tempo-
rarily and locally “redistribute” the diabatic mass and ozone
flux, but they do not significantly alter the hemispheric
totals of these on daily timescales.

[36] As discussed in section 3.2, significant adiabatic TST
occurs at high latitudes. The net adiabatic transport of both
tropospheric ozone and mass is directed into the strato-
sphere throughout the annual cycle. Figure 5 shows that the
diabatic STT is concentrated at midlatitudes. This implies
that there is a net mean meridional circulation with diabatic
STT at midlatitudes and adiabatic TST at higher latitudes.
The maximum adiabatic TST of mass occurs in the autumn
of each hemisphere, corresponding to the movement of the
tropopause moving downward relative to the potential
temperature field. James et al. [2003b] show that “shallow”
STT frequently is a transient flux; the mass reenters the
stratosphere over short timescales on the order of a day. This
rapid transient transport is a problem for many flux esti-
mates since the net flux is a residual of large upward and
downward terms. This mean meridional circulation of STT-
TST in the present study, in which the troposphere-to-
stratosphere transition is due primarily to the downward
movement of the tropopause rather than the transport of the
air parcels, is likely a longer timescale process than dis-
cussed by James et al. [2003b].

5. Summary and Conclusion

[37] The diagnostic algorithm introduced by A96 and
extended by S04 has been used to estimate the adiabatic
and diabatic transport of mass and ozone across the extra-
tropical tropopause. The mass and ozone fluxes exhibit
slightly different seasonal cycles with a phase offset on
the order of a couple months. This is most evident compar-
ing the flux across the 380 K surface. This is caused by the
seasonal cycle of ozone at 380 K being out of phase with
the transport seasonal cycle.

[38] The algorithm used here provides only a bulk esti-
mate of the adiabatic exchange, though much can be
inferred from the spatial information of the diabatic trans-
port and the diagnosed ozone flux. The net adiabatic
(diabatic) mass flux is directed into the stratosphere (tropo-
sphere) throughout an annual cycle. Thus the isentropic
transport through tropopause folds, across the subtropical
jet, and by other means contributes relatively little to the net
mass STT compared to diabatic mechanisms. The net
adiabatic TST of mass is primarily due to a large flux at
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high latitudes. A mean meridional circulation consisting of
adiabatic TST at higher latitudes and diabatic STT at
midlatitudes is indicated by the fluxes of mass and ozone.
This is likely a longer timescale transient flux than previ-
ously investigated [Wernli and Bourqui, 2002; James et al.,
2003b; Stohl et al., 2003b]. In addition, differences between
the adiabatic and diabatic ozone fluxes suggest that the
pathways of cross-tropopause transport are generally dis-
tinct. At least the majority of the pathways can be charac-
terized as being either dominantly adiabatic or diabatic. The
pathways are less likely to result from adiabatic and diabatic
processes acting concurrently on the same air parcel.

[39] The annual cycle of the adiabatic transport has more
long and short timescale variability than the diabatic flux.
Thus the seasonal and daily variability of the net mass and
ozone flux is dominated by the adiabatic transport. The NH
and SH diabatic fluxes of stratospheric ozone across the
tropopause are nearly in phase. This contrasts the diabatic
mass and tropospheric ozone fluxes that are a half year out
of phase as expected from seasonal arguments. The SH
seasonal cycle of higher-latitude ozone at the tropopause is
shifted nearly a half year out of phase with respect to the
lower latitude seasonal cycle. This is caused by blocking of
meridional transport by the SH polar vortex.

[40] This study shows that significant error may be
introduced when estimating an ozone flux by applying a
simple, large-scale mean ozone mixing ratio to a mass flux.
However, the error is minimal if seasonal or annual time-
scales are considered. Comparison of the diabatic fluxes of
mass and ozone show that there is significant daily spatial
variability of ozone mixing ratio at the tropopause. In
addition, the net adiabatic flux of ozone is in the opposite
direction to the mass flux through much of an annual cycle.
This implies that the ozone mixing ratio at the tropopause is
anomalously high where STT occurs and/or anomalously
low where TST occurs. The tropopause ozone mixing ratio
acts as a recorder of the direction of transport through the
surface, at least for short durations. Furthermore, any ozone
STT derived from measurements may include a substantial
amount of tropospheric origin ozone. This is particularly
true in the case of diabatic STT.

[41] Acknowledgments. The authors are grateful to Gordon Labow
for providing the ozonesonde data. NASA’s EOS IDS and ACMAP
programs supported this work.
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